Reingestion of exhaust gas into engine inlets during hover, and inlet flow distortion with the associated loss in total-pressure recovery during transition were studied using a largescale generalized lift-engine fighter model powered by 5-85 engines. Exhaust gas reingestion during hover was studied on a static test facility, and inlet flow distortion and total-pressure recovery loss were studied in the 40-by 80-foot wind tunnel. Two lift-engine arrangements were studied, the swiveling, retractable and the internally fixed.
fiistortion with the associated loss i n t o t a l -p r e s s u r e r e c o v e r y d u r i n g t r a n s it i o n were studied using a l a r g e -s c a l e g e n e r a l i z e d l i f t -e n g i n e f i g h t e r model powered by 5-85 engines. Exhaust gas reingestion during hover was studied on a s t a t i c t e s t f a c i l i t y , and i n l e t f l o w d i s t o r t i o n and total-pressure recovery loss were s t u d i e d i n t h e 40by 80-foot wind tunnel. Two l i f t -e n g i n e arrangements were s t u d i e d , t h e s w i v e l i n g , r e t r a c t a b l e a n d t h e i n t e r n a l l y f i x e d .
Both arrangements were s u b j e c t t o e x c e s s i v e t h r u s t
loss and compressor s t a l l s due t o r e i n g e s t i o n when the engine exhaust was v e c t o r e d n e a r l y v e r t i c a l . Vectoring the exhaust approximately 20° from v e r t i c a l e s s e n t i a l l y e l i m i n a t e d reingestion problems. Vectoring the lift-engine exhaust forward and the l i f tcruise engine exhaust a f t t o b a l a n c e t h e a i r c r a f t and minimize r e i n g e s t i o n appears t o be a f e a s i b l e means of allowing VTOL o p e r a t i o n . I n l e t f l o w d i s t o rt i o n and total-pressure recovery were within acceptable limits f o r t h e s w i v e li n g , r e t r a c t a b l e l i f t -e n g i n e c o n f i g u r a t i o n .
With t h e i n l e t g u i d e vane i n s t a l l e d t o h e l p t u r n t h e f l o w i n t o t h e e n g i n e , t h e v e r t i c a l l y mounted l i f t e n g i n e s o f t h e i n t e r n a l l y f i x e d c o n f i g u r a t i o n w i t h a n i n l e t r a t the lift-engine compressor face was shown i n r e f e r e n c e 1 t o be reduced to acceptable values by an i n l e t w i t h a r a t i o o f l i p r a d i u s t o i n l e t d i a m e t e r o f 0.56 when the engine was t i l t e d so that t h e i n l e t was loo forward of vertical. Slnce these dimensions resuit in a r a t h e r b u l k y i n s t a l l a t i o n , r e c e n t r e s e a r c h a t Ames has been directed toward achieving an acceptable flow with vertically mounted l i f t engines and a smaller i n l e t r a d i u s . Sciences Meeting, New York City, January 22-24, 1968.
*The r e s u l t s of t h i s s t u d y were summarized a t t h e A I A A 6 t h Aerospace
The s t u d i e s were made on a l a r g e -s c a l e model of a lift-engine-powered a i r c r a f t r e p r e s e n t a t i v e o f a variable-sweep fighter.
Results from the Ames hover t e s t f a c i l i t y w i l l be presented showing inlet temperature rise and temp e r a t u r e g r a d i e n t s f o r d i f f e r e n t e x h a u s t a n g l e s and ground h e i g h t s f o r two l i f t -e n g i n e c o n f i g u r a t i o n s , one with swiveling, retractable engines and one w i t h i n t e r n a l l y f i x e d e n g i n e s .
Minor m o d i f i c a t i o n s t o t h e model t o alleviate the reingestion problem w i l l be discussed. . The e f f e c t s of a n i n l e t g u i d e vme on t h e i n t e r n a l l y f i x e d c o n f i g u r a t i o n a r e shown f o r a range of flight speeds, power s e t t i n g s , and a i r p l a n e a n g l e s o f a t t a c k and s i d e s l i p .
MODEL AND INSTRU"AT1ON
The model ( f i g . 1) had a high wing and was r e p r e s e n t a t i v e of a v a r i a b l esweep f i g h t e r a i r c r a f t . When the swivel plane was changed from 5' t o 20°, t h e wing leading-edge strake was extended farther forward on the fuselage, thus changing the leading-edge sweep angle from 6 0 ' t o 70°.
The i n t e r n a l l y f i x e d c o n f i g u r a t i o n had t h r e e i n -l i n e l i f t engines i n s t a l l e d v e r t i c a l l y i n t h e f o r w a r d f u s e l a g e ( f i g .
2 ) . Three d i f f e r e n t l i f tengine exit nozzles (shown i n f i g . 3) were used during the ingestion studies w i t h t h i s c o n f i g u r a t i o n .
The conical nozzle was similar to the conventional nozzle used with the swiveling, retractable configuration; the bifurcated nozzle was used t o simulate side-by-side mounted lift e n g i n e s b y s p l i t t i n g t h e exhaust from each o f t h e t h r e e l i f t engines; the slotted nozzle was used t o promote exhaust gas pressure decay and thereby reduce the effects of ground erosion and i n l e t i n g e s t i o n .
Louvers beneath the conical and slotted nozzles directed the exhaust flow from 30' t o 90°, while flange joints permitted the bifurcated nozzles to be swiveled from 30' t o goo.
Both configurations had two l i f t -c r u i s e e n g i n e s (YJ85-5 t u r b o j e t s ) i n s t a l l e d i n t h e aft f u s e l a g e w i t h t h e i n l e t s above t h e wing. For the swiveli n g , r e t r a c t a b l e c o n f i g u r a t i o n , t h e l i f t -c r u i s e e n g i n e e x h a u s t n o z z l e s were pivoted to correspond with the lift-engine angles to provide approximate Figure 4 shows t h e model mounted on t h e s t a t i c t e s t s t a n d and i n t h e A m e s 40by 80-Foot Wind Tunnel. For the exhaust gas reingestion studies simulated doors were mounted between t h e l i f t engines and the fuselage on t h e s w i v e l i n g , r e t r a c t a b l e c o n f i g u r a t i o n ( f i g .
4(a)
). L i m i t e d tests were made with the doors extending outward from the bottom of the fuselage on t h e i n t e rn a l l y f i x e d c o n f i g u r a t i o n ( f i g . 4 ( b ) ) .
The purpose of these doors was t o d e f l e c t t h e r a p i d l y r i s i n g e x h a u s t g a s e s away from t h e . l i f t -e n g i n e i n l e t a r e a . However, similar doors could be used to cover the swiveling, retractable ) helped turn the flow into the v e r t i c a l l y mounted engines during transition.
Reingestion Instrumentation
Engine i n l e t a i r t e m p e r a t u r e h i s t o r i e s a r e o f a h i g h l y t r a n s i e n t c h a r a c t e r f o r many of t h e c o n f i g u r a t i o n s t e s t e d .
Thermocouples o f small enough thermal mass t o f o l l o w t h e a c t u a l t e m p e r a t u r e t r a n s i e n t s w i l l not withs t a n d t h e v i b r a t i o n and acoustic environment within an engine inlet. However, since instantaneous temperature i s highly important, it i s possible, with a mechanically suitable thermocouple, to reconstruct the actual input tempera t u r e h i s t o r y from the output temperature history and the thermocouple r e s p o n s e c h a r a c t e r i s t i c s . Each o f t h e 4 l i f t -e n g i n e i n l e t s o f t h e s w i v e l i n g , r e t r a c t a b l e configuration had 12 thermocouples whereas the 3 i n l e t s o f t h e i n t e r n a l l y f i x e d l i f t engines had 16. The l e f t -h a n d l i f t -c r u i s e e n g i n e on both configur a t i o n s was instrumented a t t h e compressor face with 16 thermocouples. When the duct extension was i n s t a l l e d ( s w i v e l i n g , r e t r a c t a b l e c o n f i g u r a t i o n o n l y ) , 9 thermocouples were i n s t a l l e d a t t h e i n l e t p l a n e .
Exhaust gas t o t a l p r e s s u r e was measured on a l l engines of both configurations to monitor engine performance as reingestion occurred. Each t a i l p i p e was f i t t e d w i t h f o u r t o t a l p r e s s u r e p r o b e s ganged together to provide t h e r e q u i r e d measurement of exhaust gas pressure. P r e s s u r e D i s t o r t i o n I n s t r u m e n t a t i o n Sixteen area-weighted total-pressure tubes were p l a c e d i n e a c h lifte n g i n e i n l e t and t h e l e f t -h a n d l i f t -c r u i s e e n g i n e i n l e t for measuring steady- Operating procedures-A t each ground height and exhaust vector angle, the engines were s t a r t e d i n d i v i d u a l l y a n d a c c e l e r a t e d t o 70 percent RF".
Recording equipment was t h e n s t a r t e d and the engines were simultaneously a c c e l e r a t e d t o 100 percent RE", a process that took approximately 3 seconds, A continous record of inlet temperature and engine exhaust gas pressure was maintained for 5 t o 20 seconds depending on ground proximity and severity of r e i n g e s t i o n . The engines were then decelerated and shut down. I n l e t P r e s s u r e D i s t o r t i o n i n T r a n s i t i o n I n l e t d i s t o r t i o n and total-pressure recovery were s t u d i e d i n t h e 40by 80-foot wind tunnel. Engice thrust l e v e l s J vector angles (a), and wind-tunnel forward speeds were v a r i e d w i t h t h e model a t a constant angle of attack (0') t o g i v e a range of i n l e t v e l o c i t y r a t r o s r e p r e s e n t a t i v e of t h e t r a n s i t i o n from hover t o wing-supported f l i g h t . T h r u s t level, vector angle a and wind-tunnel forward speed were h e l d e s s e n t i a l l y c o n s t a n t when angle of attack or angle of s i d e s l i p was varied.
FU3SULTS AND DISCUSSION

Exhaust Gas Reingestion
Two d i s t i n c t t y p e s of exhaust gas reingestion occur in lift-engine powered V/STOL configurations. One type i s characterized by exhaust spreading along the ground some d i s t a n c e from t h e a i r c r a f t . A f t e r g r e a t l y d e c r e a s i n g i n velocity, this gas, because of i t s bouyancy, e v e n t u a l l y r e c i r c u l a t e s t o t h e e n g i n e i n l e t s .
The mixing of exhaust gas with ambient a i r , raises the tempera t u r e a t t h e i n l e t a few degrees higher than the ambient a i r temperature. This type of ingestion w i l l cause performance loss b u t i s r a r e l y c a t a s t r o p h i c .
The o t h e r type of exhaust gas reingestion i s usually caused by the meeting of adjacent high velocity j e t s . T h e i r i n t e r a c t i o n r e s u l t s I n a n upward flow of high-temperature gases.
If t h e upward flow i s n e a r a n i n l e t , 
Flow p a t t e r n s -T u f t s t u d i e s
showed t h a t t h e h o t e x h a u s t from t h e swiveling, retractable lift-engine configuration followed two d i s t i n c t upward p a t t e r n s . One formed under the fuselage between the l i f t e n g i n e s ( f i g . 6 ( a ) ) while the other formed where the exhaust gases from the lift-engines flowing a f t met the forward-flowing exhaust from the lift-cruise engines. Placing doors between the fuselage and the l i f t engines reduced the upward flow o f exhaust gases from the forward fountain (as i n d i c a t e d b y t u f t s ) ; however, exhaust that flowed around the doors ( a l l r e s u l t s shown a r e w i t h these doors) and met the high temperature turbulent flow from the rear foun-
The three l i f t engines i n t h e i n t e r n a l l y f i x e d c o n f i g u r a t i o n were spaced c l o s e t o g e t h e r so t h a t t h e e x h a u s t c o a l e s c e d t o f o r m a single sheet of hot exhaust. Flowing a f t this exhaust joined the forward flowing exhaust from t h e lift-cruise engines. The r i s i n g t u r b u l e n t f l o w was channeled by the undersurface o f t h e wing and wing l e a d i n g -e d g e s t r a k e i n t o t h e v i c i n i t y o f t h e l i f t -e n g i n e i n l e t s ( f i g . 6(b)). Again, t h e l i f t -c r u i s e e n g i n e i n l e t s e x p e r ie n c e d v e r y l i g h t r e i n g e s t i o n i n most instances.
Test R e s u l t s i n f i g u r e l O ( b ) a r e for a conf i g u r a t i o n a t t h e same ground height with l o w ingestion. I n t h i s f i g u r e t h e l i f t -e n g i n e s w i v e l a n g l e was TO0 while the lift-cruise engine exhaust was vectored 80°. The average temperature r i s e i n b o t h i n l e t s was less than 1 0 ' f o r t h e f i r s t 6 seconds after maximum FG" was reached; the maximum average temperature rise was less t h a n 20° f o r t h e e n t i r e r u n ; 
o t o l e r a t e t h e t e m p e r a t u r e i n c r e a s e shown f o r v e r t i c a l e n g i n e o p e r a t i o n w i t h o u t s t a l l i n g , t h i s e x h a u s t would b e v e c t o r e d t o a m i d t h e
thrust loss due t o t h e temperature increase.
Figures 13 and 1 4 show t i m e t e m p e r a t u r e h i s t o r i e s f o r t h e i n t e r n a l l y f i x e d l i f t e n g i n e s w i t h t h e b i f u r c a t e d e x i t . n o z z l e s . F i g u r e
13(a) shows that t h e number 1 engine stalled on acceleration.
Tem-perature g r a d i e n t s of 500°/second were measured with an average inlet temperature rise of 260. Calculated m a x i m u m temperature gradients were 1450°/second with an average i n l e t t e m p e r a t u r e r i s e of 44O. Temperature g r a d i e n t s and average i n l e t temperature rise at t h e time of s t a l l are somewhat lower than i n preceding examples. Approximately three q u a r t e r s of a second before the s t a l l t h e engine did ingest hot gases, and temperature gradients of 1000°/second were measured w i t h a n a v e r a g e i n l e t t e m p e r a t u r e r j . a e o f 
AT t r a c e f o r t h e t h r e e lift engines and t h e l e f t -hand l i f t -cruise engine. T h i s time interval should be adequate f o r t a k e o f f b u t might not be s u f f i c i e n t f o r t h e l a n d i n g p h a s e b e c a u s e t o l a n d t h e a i r c r a f t would have t o s e t t l e t h r o u g h a cloud o f hot exhaust gas.
A s w i t h t h e s w i v e l i n g , r e t r a c t a b l e c o n f i g u r a t i o n , e x h a u s t -g a s v e c t o r i n g
was t h e most e f f e c t i v e means of reducing or e l i m i n a t i n g i n g e s t i o n and the a t t e n d a n t thrust loss f o r t h e i n t e r n a l l y f i x e d l i f t -e n g i n e c o n f i g u r a t i o n . t h e t h r e e e x h a u s t n o z z l e s t e s t e d w i t h t h e i n t e r n a l l y f i x e d l i f t engines, the slotted nozzles produced somewhat lower temperature gradients and average i n l e t t e m p e r a t u r e s t h a n t h e c o n i c a l or bif'urcated nozzles; however, w i t h t h e exhaust a t angles of 80° and 90°, t h e e n g i n e s s t a l l e d r e g a r d l e s s of exhaust n o z z l e i n s t a l l a t i o n .
Although no forward vectoring (9" t o llOo) was accomplished with the i n t e r n a l l y f i 
-retractable Configuration-
A particular advantage o f t h e swivei1%g, r a t r a c t a b l e c o n f i g u r a t i o n i s that engine starting and acceleration a t the beginning of a d e c e l e r a t i n g t r a n s i t i o n w i l l not impose a s e v e r e i n l e t design condition on t h e l i f t engines. The engines can be rotated into the a i r s t r e a m a t t h e b e g i n n i n g o f t h e t r a n s i t i o n f o r s t a r t i n g , t h e r e b y e l i m i n a t i n g the high crossflow angle and the necessity of the inlet decelerating the crossflow and t u r n i n g t h i s f l o w The v a r i a t i o n i n d i s t o r t i o n and loss i n t o t a l -p r e s s u r e r e c o v e r y i s n e g l i g i b l e for t h e s i d e s l i p r a n g e shown.
These r e s u l t s i n d i c a t e t h a t t h e i n l e t u s e d ( f i g .
4(a)) was acceptable t h r o u g h o u t t h e r a n g e o f i n l e t v e l o c i t y r a t i o s and engine angles tested during t r a n s i t i o n . D i s t o r t i o n l e v e l s a r e w i t h i n a c c e p t a b l e limits f o r t h e 5-85
e n g i n e ( l e s s t h a n 10 p e r c e n t ) .
I n t e r n a l l y f i x e d c o n f Y g u r a t i o n -
The e f f e c t o f v e l o c i t y r a t i o on i n l e t d i s t o r t i o n and pressure recovery with and without the i n l e t guide vanes i s shown i n f i g u r e 20. Comparison shows t h a t a t t h e h i g h e r v e l o c i t y r a t i o s (1.6 t o 1.8) t h e i n l e t g u i d e vane d e c r e a s e d t h e d i s t o r t i o n l e v e l a p p r o x i m a t e l y 2 percknt. A t a v e l o c i t y r a t i o of 1.8 (corresponding to 150 knots forward s p e e d w i t h t h e e n g i n e s a t i d l e t h r u s t ) w i t h o u t t h e i n l e t g u i d e v a n e s , t h e d i s t o r t i o n l e v e l i s a t the manufacturer's recommended nominal limit of 10 percent.
The results from reference 1 a r e compared i n f i g u r e 21 w i t h t h e r e s u l t s of t h i s i n v e s t i g a t i o n .
The i n l e t s of reference 1 were t i l t e d forward of vert i c a l , as shown on the figure, allowing a generous leading-edge inlet radius (0.56 r a d i u s t o i n l e t d i a m e t e r r a t i o ) .
The engines of the present investig a t i o n were mounted v e r t i c a l l y . The i n l e t r a d i u s t o d i a m e t e r ratio was 0.19. 
